INTRODUCTION
In this paper we review the problem of the origin of a nickel-iron alloy-bearing rock, josephinite.
Since the discovery of terrestrial native iron (ANDREWS, 1852) and the nickel-iron alloy awaruite (see ULRICH, 1890) , rare occur rences of these metals have been reported from various parts of the world. Although meteoritic iron-nickel alloys have been studied in detail, the terrestrial alloys have received very little attention.
Investigation of terrestrial nickel-iron alloys has always been hindered somewhat by the small size and rarity of these minerals.
In situ occurrences of awaruite (Ni3Fe) are only a few microns to a few millimeters in size; placer occurrences can contain some slightly larger grains. The only known, significantly larger masses of nickel-rich alloys occur in josephinite, the largest example being a 50 kg mass reported by JAMIESON (1905) and PALACHE et al. (1944) . Although the larger size of josephinite specimens distinguishes them from awaruite grains, it has been generally accepted that the large specimens have the same or similar origin as the millimeter size occurrences of awaruite. Therefore, under standing the various studies of awaruite is im portant to understanding the work that has previously been done on josephinite. This awaruite occurs as very small flecks within the serpentinite; the grains are easily overlooked.
After the initial discovery of the association of awaruite with serpentinized ultramafic rocks, investigators found other oc currences of awaruite, in serpentinized ultra mafic rocks and in placers derived from them. Awaruite is now known from at least nineteen localities throughout the world (see e.g., WIL LIAMS, 1960; GABRIELSE, 1963; CHAMBERLAIN et al., 1965; ECKSTRAND, 1975) . These occurrences are in various types of ultramafic rocks, includ ing alpine-type intrusives, ophiolites, and in the ultramafic zones of layered basaltic intrusions.
The host-rocks for all known occurrences of terrestrial awaruite have been serpentinized, with the exception of nickel-iron blebs reported by GABRIELSE (1963) in a regenerated dunite of the Cassiar District, British Columbia.
This occur rence is from a serpentinized rock that has been partly reconverted to olivine by a reversal of the serpentinization process at elevated tem peratures, above 400'C. This awaruite, now associated with olivine, might have formed during serpentinization, and remained as blebs of metal during conversion of the serpentinite to apparently primary minerals.
In regions where awaruite has been found within serpentinite, it appears to be para genetically later than the serpentine minerals. Furthermore, because it apparently has not been found within unaltered ultramafic rocks, a secondary process related to serpentinization of ultramafics is commonly accepted for the origin of awaruite.
However, DE QUERVAIN (1945 and PETERS (1963) argued from textural relations that awaruite found in Selva Quadrado and Totalp serpentinites of eastern Switzerland might have had a primary, magmatic origin.
A mechanism for the formation of awaruite was first suggested by RAMDOHR (1950) . Based on detailed examination of the textural relationships between nickel-iron alloys and intergrown serpentine minerals in a number of josephinite samples (which he believed to be identical to awaruite), Ramdohr concluded that the most likely origin for the nickel-iron alloy was by a low-temperature, thermally-driven mechanism operating near the temperature of talc formation.
He also concluded that the process probably involved the replacement of S. WEATHERS other minerals, mainly sulphides, by the nickel iron metal. NICKEL (1959) studied awaruite of the Quebec serpentinite belt in an attempt to determine whether or not nickel in' the awaruite was added during serpentinization or whether it was already present in primary minerals of unserpentinized peridotite. His study indicated that the nickel content of primary silicates is sufficient for the formation of awaruite and that serpentinization serves only to reduce nickel to the elemental state and concentrate it into small metal blebs.
Experiments by KRISHNARAO (1962 KRISHNARAO ( , 1964 showed that awaruite could be produced in a reducing environment by hydro gen acting as a reducing agent. The original materials of KRISHNARAO's experiments were pentlandite and pyrrhotite; these experiments provided the first evidence that awaruite could have a reduction origin, from sulphides in this example.
The experimental evidence of a reduction origin for awaruite by reduction of sulphides was extended to a syn-serpentinization related origin for awaruite and josephinite. Although it has been found that josephinite is a complex as semblage of minerals, rather than only the single phase awaruite (BIRD and WEATHERS, 1975a) , the similarity in the compositions of awaruite and a metal phase of josephinite was sufficient reason for various authors (JAMIESON, 1905; RAMDOHR, 1950; KRISHNARAO, 1962 KRISHNARAO, , 1964 to emphasize only the similarities between awaruite and josephinite.
The history of the investigation of terrestrial nickel-iron occurrences has, therefore, been directed toward finding a common origin for all natural nickel-iron alloys. Although a reduc tion origin is generally accepted for all ter restrial iron occurrences, there remain puzzling questions about the uniqueness in size, textures and composition of josephinite. Volcanics associated with the Dothan sediments are mostly basalts, some of which are pillowed. The region is a terrain of obducted ophiolite, the Josephine Peridotite being depleted mantle of oceanic lithosphere (BIRD and WEATHERS, 1975a) .
The Josephine Peridotite mass consists of 30 to 40% unaltered peridotite, mostly harz burgite with minor amounts of dunite and pyroxenite; 30% of the mass is partly serpen tinized and the remaining portion is severely sheared serpentinite (DICK, 1974) . The harz burgite consists of approximately 70% olivine and 30% orthopyroxene, with minor amounts of serpentine along cracks within olivine grains. The peridotite mass was intruded by Jurassic hornblende-diorite dikes; the average age of the dikes is 150m.y. (DICK, 1973) .
The dikes, which crosscut both serpentinite found along Josephine Creek, and the harzburgite, are com posed of clinopyroxene and saussuritized plagio clase, with or without minor hornblende. Portions of some dikes are severely sheared and serpentinized. Because the occurrence of jose phinite is apparently restricted to creeks that originate on, and flow over the peridotite, serpentinite or the dikes, it is most likely that josephinite is derived from one or more of these rock types. No unequivocal specimens of josephinite have been found in situ; the source-rock remains unknown. DICK (1974) claimed to have found a small specimen of josephinite (4mm in size) within serpentinite from a shear-zone in the region near Woodcock Creek; this occurrence remains equivocal, both because Dick has concluded that josephinite is the same as the mineral awaruite, and because the specimen does not bear a close resemblance to very much larger masses of josephinite. Small grains of awaruite, up to several millimeters across have been found in the serpentinite of the region. The presence of awaruite in the serpen tinites complicates the josephinite problem be cause most of those who have studied josephinite (JAMIESON, 1905; RAMDOHR, 1950; DICK, 1974; THORNBER and HAGGERTY, 1976) have concluded that josephinite and awaruite are identical, and therefore, the geologic relationships and origin of the josephinite should be the same as for the awaruite. BIRD and WEATHERS (1975a) The original definition of josephinite was therefore, of a rock, not a mineral as several authors subsequently assumed (e.g., RAMDOHR, 1950; NICKEL, 1959; DICK, 1974 ). The con fusion over whether josephinite is a rock or a mineral began with JAMIESON (1905) . He ana lyzed josephinite pebbles from Josephine Creek, and some awaruite grains from Smith River, California. JAMIESON analyzed only the metal phase of the josephinite and the Smith River awaruite, and concluded that josephinite and awaruite are identical. JAMIESON (1905) indi cated that nickel-iron alloys from around the world are essentially indistinguishable, and that the name awaruite should be applied to all specimens of nickel-iron alloys. He did not consider the implications of the fact that the nickel-iron alloys from New Zealand, British Columbia, California, and all other known localities, usually occur as single, one-phase grains in contrast to the complex, multiphase mineral assemblage that comprises josephinite. JAMIESON's assertion that josephinite and awaruite are identical is not valid and BIRD and WEATHERS (1975a) maintained that recognition of josephinite as a rock containing awaruite as one of its phases is a significant aspect in con sidering its origin. As mentioned, RAMDOHR (1950) was the first to consider the origin of terrestiral nickel-iron alloys and concluded from petrographic studies that they have secondary, low-temperature origins, associated with the serpentinization of ultramafic rocks. However, RAMDOHR'S jose phinite specimens were small and apparently severely altered, so it is questionable as to whether his conclusions are also applicable to the very rare, larger and less-altered josephinite. RAMDOHR emphasized the association of metal and serpentine and absence of primary silicate phases within the metal as evidence that the josephinite metal had a secondary origin, probably related to the reduction of primary sul phides within peridotite during serpentinization. KRISHNARAO'S (1962 KRISHNARAO'S ( , 1964 experiments that produced awaruite by the reduction of sulphides were the first direct evidence that nickel-iron alloys might be produced by reduc tion during serpentinization.
Although these experiments produced the ordered phase awaruite (Ni3Fe), they did not produce the multiphase assemblages of various nickel-iron alloys and silicates that comprise josephinite. CHAMBERLAIN et al. (1965) recognized awaruite in serpentinized ultramafic zones of the Muskox intrusion in the Northwest Ter ritories.
They concluded that the nickel-iron had a secondary origin related to serpentiniza tion.
They found that the awaruite occurs as rims around primary sulphides, indicating that the parent material for the awaruite could have been iron-nickel sulphides. This textural relation is comparable to that which was produced experimentally by Krishnarao-rims of awaruite around sulphides that had been reduced by hydrogen. CHAMBERLAIN et al. (1965) proposed the following reactions for the generation of nickel-iron alloys.
In one process, olivine is converted to serpentine by a mechanism also producing magnetite: 10 M91 .6 Fe0 4 Si04 + 12 H20 + 3 Si02 = 3 Mg 3Si2O5 (OH)4 + 3 Fe304 + 3 H2 Iron would then be produced from the magnetite by the process:
Fe304
+ 4 H2 -+ 3 Fe + 4 H2O
This process might generate nickel-iron alloy if nickel is present in the olivine and goes into the resulting magnetite.
Nickel-bearing mag netite (trevorite) would then be the parental material for awaruite.
Most awaruite, however, is apparently formed by "desulphurization" of iron-nickel sulphides, such as pentlandite (CHAMBERLAIN et al., 1965) , through the reac tion: RAMDOHR did not observe the intergrown an dradite which we found in one of the metal phases of some specimens of josephinite (BIRD and WEATHERS, 1975a) .
GARNET-METAL IN JOSEPHINITE
Josephinite pebbles are variable in composi tion but consist, essentially, of nickel-iron and iron-cobalt alloys, garnet, minor sulphides and arsenides, serpentine minerals and magnetite. Copper and traces of gold occur in some speci mens. There are various unidentified oxide and silicate minerals, especially on a micro-scale , in most larger pebbles of josephinite.
Many of the textural relations between the mineral phases are complex, especially at large optical mag nifications.
Detailed microprobe studies of the minerals of josephinite have not been published; we have not had access to a microprobe and, therefore, have relied on petrographic observa tions and X-ray diffractometer scans of polished specimens.
We found by petrographic observation, inter growths of nickel-iron metal and garnet lamellae in some josephinite specimens (BIRD and WEATHERS, 1975a) .
X-ray diffractometer scans of polished surfaces of these specimens indicated that the lamellae are andradite. Because we also found by X-ray diffractometer scans of josephinite metal evidence of a calcio-wustite phase (CaO.2"FeO"), and by Debye-Scherrer a single grain of elemental silicon in the creek sand containing josephinite, we proposed that these phases might have been progenitors of andradite in the josephinite (BIRD and WEATHERS 1975a ,b) . S ome of the textures of andradite in metal are characteristic exsolution textures, and therefore we suggested that the andradite exsolved in the metal, from components dissolved in the metal at high pressures and temperatures. A change of pressure and/or temperature might have resulted in the formation, by exsolution, of the andradite and the unique assemblage of intergrown andradite and metal. Such a mechanism might account for the strange coexistence of these Fe' and Fe' bearing phases without an inter vening Fe" bearing phase. We argued that serpentine minerals and magnetite in josephinite are always found to cross-cut and replace, and therefore, post-date the garnet lamellae-metal assemblage; petrographic relations show that the garnet-metal assemblage is not related to formation of, or reduction of, the serpentine or magnetite.
Although there are other re markable petrographic features in josephinite we restrict this discussion to the andradite-metal assemblage, and the various interpretations of its origin.
It is not yet known what constitutes the mineral phases of "primary" or "original" jose phinite; all specimens studied have been variably altered by metamorphism and weathering. However, interior regions of some specimens are relatively unaltered and consist of the nickel iron metal and intimately intergrown andradite garnet. The garnet intergrowths range in size from millimeter-sized blebs that are clearly visible to the unaided eye, to extremely fine lamellae, visible only at great optical magnifica tions. Figures 1-5 illustrate some of the various garnet-metal intergrowths we have observed in josephinite. In Fig. 1 the garnet occurs as large, sub-parallel lamellae approximately 1-3 mm long, which are visible in some hand specimens. The garnet lamellae that are visible only at much higher magnifications (Figs. 2, 3, 4 and 5) show similar patterns to those in Fig. 1 . However, it is not known whether or not the very fine garnet intergrowths bear a genetic relationship to the coarse garnet intergrowths.
In regions of josephinite specimens that appear to be entirely nickel-iron metal, large optical magnifications reveal variable propor tions of intergrown andradite garnet. In Figs. 2 and 3, the garnet lamellae are arranged in a somewhat triangular pattern within the metal. This suggests that some of the garnet is oriented along crystallographic directions of the enclosing metal. Figure 4 shows an even larger proportion of garnet lamellae and some regions of garnet that form a larger mass of garnet, with the remaining metal having the appearance of lamel lae within the garnet. Some of the garnet-metal textures resemble exsolution textures found in sulphide and/or silicate systems. The origin of these textures in a metal-silicate system remains unknown; the assemblage is unknown in other rocks, terrestrial or otherwise. The interpreta tion of the garnet-metal textures is complicated by the fact that dissimilar textures occur in close proximity in some specimens. In Fig. 4 , some of the garnet appears to embay the metal and fine garnet lamellae.
It is not known whether or not these two occurrences of garnet have the same origin. It might have been that, during low temperature metamorphism, some of the smaller blebs of garnet were concentrated into larger masses by recrystallization. Perhaps, in order to determine the origin of the garnet Dirnrn Andradite garnet lamellae (dark) in nickel-iron (light).
The dark, vein-like material in the to is serpentine. Reflected light image. metal intergrowths, it will be necessary to deter mine which garnet-metal intergrowths are "original" and which might have resulted from metamorphic alteration. Figure 5 shows an unusual aspect of the garnet-metal textures.
The major portion of the field consists of garnet lamellae in nickel-iron metal.
However, there are also distinct regions of metal that contain no intergrown silicates. The contact relationships between the silicate free metal and the intergrown metal-garnet regions of the rock are not clear because serpentine occurs along the boundary.
In some regions the two metal assemblages are con tinuous, suggesting that the two are the same phase, with the garnet absent for some reason. However, it is also possible that the silicate free metal is a different metal phase than that containing the garnet.
From numerous polished sections it is clear that all josephinite has undergone some meta morphism. Although some samples are relatively unaltered, some are severely altered, containing mostly assemblages of secondary minerals. The secondary minerals are important because they post-date the garnet-metal assemblage; the petro graphic relations indicate that they are not related to the genesis of the original josephinite assemblage.
Magnetite is practically ubiquitous in its association with josephinite metal. In least altered specimens it occurs as a very minor phase, being concentrated in the outer regions of the specimens.
In more altered samples the magnetite pervades the entire metal-garnet as semblage, in-filling cracks and replacing the nickel-iron metal in localized regions. In severely altered specimens, magnetite is more abundant than the nickel-iron metal phases; it is very dif ficult to determine from such specimens which phase is primary and which phase is secondary. In every specimen in which the paragenetic sequence can be determined, however, the mag netite always post-dates the metal phases. Figure  6 is an example of the "mossy" texture (RAMDOHR, 1950) exhibited by much of the magnetite that has pervaded and altered the metal of josephinite. This type of magnetite is abundant in the outer portions of josephinite samples, or along cracks within the metal. The amount of magnetite usually decreases toward the interior portions of a sample, or away from cracks in a sample. Serpentine is present in almost all josephinite specimens. In some samples, three generations of serpentine minerals have been found, the last being garnierite veins, perhaps resulting from weathering.
Other serpentine minerals identified by X-ray diffractometer scans include picrolite, lizzardite, antigorite and clinocrysotile. Figure 7 illustrates a common occurrence of serpentine in josephinite, as a rind around the josephinite pebbles. The serpentine is bladed and is seen to penetrate the interior portions of a sample from the outer rims. In Fig. 7 it can be seen that the serpentine penetrates the metal along fractures, leaving angular masses of metal surrounded by serpentine. This textural relation indicates that this serpentine post-dates the for mation of this metal. josephinite (BIRD and WEATHERS, 1975a) . The discovery of the andradite added significantly to the problem of determining the origin of josephinite because of the apparent paradox of the coexistence of these elemental iron and ferric iron-bearing phases. The original study of the garnet showed that it is andradite (Ca3Fe2Si3012), with its iron in the ferric, +3 state. Some of the textures of intergrown andradite and nickel-iron alloy suggest that the assemblage is an equilibrium assemblage. How ever, no ferrous iron-bearing phase was found associated with the garnet lamellae in metal. It is generally believed that Fe' and Fe* phases cannot form in equilibrium without an inter mediate Fe +2 phase, in crustal environments.
DICK (1974) favored a non-equilibrium origin for the metal-garnet assemblage of josephinite. He followed RAMDOHR (1950) in suggesting that the nickel-iron metal of josephinite originat ed by serpentinization and reduction of primary iron silicates. Nickel in the iron silicates would result in the generation of nickel-iron metal rather than native iron. The formation of the andradite would follow the formation of the nickel-iron alloy. DICK (1974) observed that andradite is a common skarn mineral produced by contact metamorphism around igenous intru sions and suggested that the andradite within the nickel-iron metal of josephinite is related to the intrusion of the hornblende diorite dikes into the serpentinite of the Josephine Creek region. The garnet would replace magnetite that was intergrown with the metal; the process by which this would occur was not explained. This model requires that the generation of andradite in josephinite occurred after forma tion of metal and, therefore, after serpentiniza tion of the Josephine Peridotite. There is no geological evidence that josephinite formed in the vicinity of the hornblende diorite dikes. We have searched numerous dikes in the stream bed of Josephine Creek and the surrounding country for in situ josephinite, with no results. The in situ josephinite reported by DICK (1974) is located some distance from the nearest exposed dikes (in Mendenhall Creek). The dikes of the region have very small, or no metamorphic aureoles, indicating that it is unlikely that the intrusion of dikes caused the formation of skarn minerals at significant distances from the sites of intrusion. DICK (1974) , however, indicated that skarn minerals were generated at some distance from the dikes, rather than within metamorphic In this explanation of the origin of jose phinite, the josephinite metal formed during serpentinization of the Josephine Peridotite, during formation of a sheared serpentinite zone, and the andradite intergrowths formed as skarn minerals associated with the intrusion of dikes into the serpentinite.
The "in situ josephinite", however, occurs at the edge of the sheared serpentinite zone, at some distance from dikes, indicating that the andradite did not form as a skarn mineral. Therefore, DICK further proposed that josephinite formed after serpentinization of the peridotite, during intrusion of the dikes. However, if so, the critical question of the origin of the andradite is not answered. THORNBER and HAGGERTY (1976) proposed that the nickel-iron metal of josephinite was generated primarily by the reduction of sul phides, particularly pentlandite. This is in contrast to DICK's (1974) view that there were not enough sulphides present in the josephinite or Josephine Peridotite to have been the primary source of the metal.
In THORNBER and HAGGERTY's hypothesis for the formation of josephinite (THORNBER, pers. com. 1976 ), the andradite is the result of low-temperature oxida tion of the nickel-iron metal. It was proposed that serpentine veins that intruded the metal contained components of the andradite that combined with ferric iron generated by oxida tion of iron-rich metal to form the garnet. By this process, serpentine plus metal goes to andradite plus nickel-rich metal plus magnetite. The garnet formed only in regions where the calc-silicate components were available. Because THORNBER and HAGGERTY's mecha nism for the formation of the andradite re quires the oxidation of metal, oxidized phases, either magnetite or possible trevorite, should be expected to occur in the boundaries between metal and garnet.
In the many specimens examined we have not found any phase between the andradite lamellae and the nickel-iron metal of josephinite. Also, the lamellae do not appear to have formed along pre-existing veins in the metal (Figs. 1, 2) . BOTTO and MORRISON (1976) , following BIRD and WEATHERS (1975a) , recognized that the intergrown metal and garnet is perhaps the earliest, least-altered assemblage of josephinite. They found two nickel-rich metal phases co existing with the andradite garnet, taenite with a nickel content of 60 to 68%, and awaruite with a nickel content of 71 to 76%. They proposed that the garnet formed while the metal existed as one phase, on the basis of textural relation ships of the garnet and metal. They proposed that this metal formed at approximately 460'C, on the basis that this is the temperature at which an Fe-Ni alloy of 68% Ni exists as one phase. They maintained that the original metal of josephinite was taenite generated through serpen tinization of ultramafic minerals of harzburgite in the Josephine Peridotite. Therefore, accord ing to the hypothesis of BOTTO and MORRISON (1976) , the original josephinite assemblage of nickel-iron metal and garnet is restricted to form at temperatures below the upper limit of ser pentinization and above 460T. The maximum temperature of formation of serpentine is ap proximately 500T, based on. the serpentiniza tion of pure magnesium olivine (e.g., BOWEN and TUTTLE, 1949) . The actual maximum tempera ture of serpentinization depends on the composi tion of the ultramafic minerals; if the olivine contains any iron, the maximum temperature of serpentinization is greatly reduced. BOWEN and TUTTLE suggest that although 500° C may be a theoretical upper limit, a practical upper limit is in the vicinity of 400° C or less. In fact, BoTTo and MORRISON's equation for the generation of the metal: 3CaMgSi2O6 + 9M9513 Fe113Si04 + 12H20 -+ 6 Mg 3 Sit 05 (OH)4 + Ca3 Fee Si3 012 + Fe would not take place above 400* C (BOWEN and TUTTLE, 1949) .
We suggest that using more acceptable temperatures for serpentinization of the ultramafic minerals and breakdown of the metal into two phases, BoTTo and MORRISON's process would require the josephinite metal to have formed below 400'C (B OTTO and MORRISON, 1976, p. 262) . It would, therefore, seem impossible to have generated the nickel iron metal by the mechanism proposed by BOTTO and MORRISON. BOTTO and MORRISON (1976) further proposed that the original jose phinite assemblage was the result of hydrother mal deposition from solutions which contained all the components of the andradite and metal phases. Originally, the nickel-iron metal was generated in the form of awaruite during ser pentinization of the ultramafics. When the hydrothermal fluids came into contact with the metal, the components of the metal went into solution.
The components of the andradite in the hydrothermal solutions were derived from serpentinization of calcium pyroxenes; these same solutions carried the metal components as oxidized ionic species.
When the solutions encountered a region of high hydrogen activity and high calcium activity, native iron and andradite were deposited out of solution. BOTTO and MORRISON claim that the region with the strongest reducing conditions and highest cal cium activity would have been at the contact between the "advancing serpentinite front" and the unaltered harzburgite; the high calcium activity is attributed to decomposition of pyro xenes.
After the metal and garnet were deposited into the serpentinite at the contact with the harzburgite, they continued to grow until the "serpentinization front" passed through the region and hydrogen activity decreased.
Our principal objections to BoTTo and MORRISON's (1976) hypothesis for the origin of the garnet-metal assemblage in josephinite are:
1. The narrowly restricted temperature range used by BOTTO and M ORRISON (460 to 500°C) for the formation of the original assemblage has been assumed. The data of their nickel analyses and the available data on ser pentinization show that the equation used for the generation of the metal would not be ap plicable to temperatures above approximately 400° C. And yet, the iron-nickel phase diagram shows that a temperature of at least 460°C is needed for the coexisting iron-nickel phases to have existed as the single phase required by the model.
2. BOTTO and MORRISON cite rodingized dikes as evidence for the presence of calcium rich solutions.
However, the dikes intrude the serpentinite and are evidence only that the calcium-bearing solutions were present after the intrusion of the dikes. The rodingite is not evidence that the calcium-rich solutions were present during the development of the ser pentinite, as is required by the model.
To deposit
the metal and andradite at the boundary between the serpentinite and harzburgite, which is necessary in order to account for DICK'S "in situ josephinite," a region of high calcium activity must be present at the contact between the two.
BoTTo and MORRISON proposed that the high calcium activi ty was due to the incipient decomposition of fresh pyroxenes in the harzburgite. The pyroxenes in the harzburgite are enstatite or bronzite; they would not be expected to produce solutions of high calcium activity along a narrow boundary.
4. The deposition from solutions of masses of metal and garnet which grow with continuing circulation of hydrothermal fluids would require open spaces in the serpentinite into which the josephinite was deposited and grew. Some of these spaces would have had to have been fairly large in order to accommodate a 50 kg piece of josephinite (PALACHE et al., 1944) .
Maintaining large open spaces in a rock which is being severely sheared is improbable.
Josephinite only rarely has any noticeable tectonic fabric, a minor striation.
5. The andradite-metal textures do not ap pear to be hydrothermally derived (see, for example, Figs. 1-5 GUSTAFSON (1974) has produced, experi mentally, andradite plus elemental iron using a starting material of 3CaO. 2Fe 3Si02 and the magnetite-hematite buffer. The andradite and iron were generated at low temperatures (300 400T) and at a pressure of 2 kb. However, the two phases always occurred with a ferrous phase, either magnetite or kirschsteinite (CaFe+2 Si04). At the present time there is no experimental evidence to support BOTTO and MORRISON's proposed origin of the andradite-metal as semblage of josephinite. BELL and MAO (1975) subjected synthetic basaltic glass to high pressure and temperature using a laser-heated diamond anvil cell. They found evidence that at 150 to 200kbar and 20000C, ferrous iron phases dissociate into metallic iron (Fe°) and a ferric iron phase (Fe' ) Although their results are still preliminary, ap parently these are the only known conditions under which ferric and elemental iron phases, phases which are present in josephinite, are known to form together without a ferrous iron phase. BELL and MAO'S study does not confirm, but does support the hypothesis of a high pressure, high-temperature event in the genesis of josephinite.
We maintain that the origin of the garnet metal intergrowths in josephinite remains prob lematic and has not been explained by serpen tinization-related mechanisms.
Rather, petro graphy shows that the garnet-metal assemblage has been cross-cut and replaced by serpentine minerals.
We maintain that the andradite lamel lae and iron-nickel alloy textures are "least altered" textures of josephinite, which pre-date serpentinization of the josephinite and might be of high pressure and temperature origin.
NOBLE GAS STUDIES OF JOSEPHINITE
Recently, josephinite has been analyzed for noble gas isotopes in the context of noble gases found in other materials known to have come from the mantle. The results of these studies are summarized here because they support the hypothesis of a mantle derivation of josephinite.
Some mantle-derived materials, such as dunite xenoliths from Hawaiian basalts, have been found to contain excesses of noble gases, both radiogenic and nucleosynthetic, relative to atmospheric abundances of the gases. HENNECKE and MANUEL (1975) found amounts of Ne, Ar and Kr in a Hawaiian dunite xenolith which suggested to them that atmospheric abundances of these gases may approximate the noble gases which have equilibrated with the mantle.
However, they found an excess of 129Xe , relative to the atmospheric abundance of 129Xe , of 4.5%. Other Xe isotopes (124, 126, 128, 130, 131, 132, 134 and 136) in the xenolith were found to be present in atmo spheric abundances.
It is generally considered that the Xe isotope proportions of the earth's atmosphere are "normal" and the deviations from atmospheric proportions that have been found in rocks require an explanation.
i29Xe is produced radiogenically from 1211 (half-life of 1.7 X 107 years), or as a fission product of 224Pu . However, fission of 224Pu produces other Xe isotopes (134Xe and 136Xe). The excess 129Xe in the dunite is attributed to the decay of 1291 because of the absence of excesses of the other Xe isotopes.
The 129Xe excess could have resulted from in situ decay of 129I, or from equi libration of the xenolith with an external reservoir of 129Xe, presumably somewhere in the mantle because the dunite xenolith is known to be mantle-derived. KANEOKA et al. (1977) found a similar en richment of 129Xe, relative to atmospheric Xe, in a Hawaiian dunite xenolith, and a 1-2% excess of 129Xe in an olivine nodule xenolith from the Kimberly region of South Africa. Other mantle-derived materials that they ana lyzed did not have a 129Xe excess. Because the xenoliths were, presumably, mantle-derived and because they occur in host-rocks such as kim berlites or tholeiitic basalts which have come from the mantle without extensive re-equilibra tion, KANEOKA et al. (1977) suggest that there must be lateral and vertical variations in the distribution of some noble gases in the mantle. SAITO et al. (1977) found a 3He/4He ratio of 5 X 10_5 in a mantle-derived amphibole from New Zealand (one of the largest 3He/4He ratios determined for a terrestrial sample). 3He escapes from the atmosphere at a rate of 3-6 atoms/ cm'/sec. Therefore, the presence of excess 3He, relative to atmospheric, in materials such as oceanic basalts (LUPTON and CRAIG, 1975) , has been interpreted as indicating primordial 3He in the mantle that is being outgassed during volcanic activity, and which may be trapped in some volcanic rocks. SAITO et al. (1977) also found an excess of 21Ne, relative to atmospheric, in the same xenolith. The source of the excess of 21Ne, of nucleosynthetic origin, is unknown. REYNOLDS (1977) also reported an excess of 129Xe , relative to atmospheric, in dunite nodules from Hawaii; these xenoliths were found to have 21Ne/22Ne ratios three to ten times higher than atmospheric. (CANALAS et al., 1968; FANALE and CANNON, 1971) . However, the amount of Xe found in shales is not suf ficient to account for the amount of Xe deple tion of the atmosphere.
Other crustal rocks are not known to contain Xe excesses. Most of the Xe which is missing from the atmosphere could be contained in the mantle. Therefore, the total amount of Xe in josephinite, as well as the excess of 129Xe, is important to the interpretation of the origin of the noble gases in josephinite. DOWNING et al. (1977) report a 3He/4He ratio of approximately 3 to 4 X 10-5 for josephinite, compared to air which has a 3He/ 4He ratio of 1 .3 X 10-6. The large 3He/4He ratio is due to the presence of excess 3He in josephinite, which is attributed by DOWNING et al. to a component in josephinite which con tains primordial 3He. Similar anomalous 3He/ 4He ratios have been found by CRAIG and LUPTON (1976) in volcanic gas and in deep-sea tholeiites.
CRAIG and LUPTON attribute the excess 3He to primordial 3He which is present in the earth's mantle and which has been in corporated into the volcanic gas and tholeiites. DOWNING et al. report 38Ar/36Ar ratios of (183±4)X10-3 and (185±4) X10-3 in two josephinite samples, compared to the atmo spheric 38Ar/36Ar ratio of 187 X 10-3. They report 40Ar/36Ar ratios of 327 ± 3 and 326 ± 3; air has a 40Ar/36Ar ratio of 296. They inter preted these ratios as indicating the presence of radiogenic 40Ar in josephinite; total 40Ar in the samples equaled 1.17 X 10-5 and 1.12 X 10-5 cc STP per gram. If the 40Ar in j osephinite is all radiogenic, then the average value of 13 ppm potassium in josephinite (BOTTO and MORRISON, 1976 ) yields a K-Ar age of 8.8 X 109 years for josephinite. KAISER and ZAHRINGER (1968) re ported similar anomalous K-Ar ages for iron meteorites with low potassium contents. These apparent ages might be due to the presence of a primitive argon component with the atmospheric isotopic compositions which would suggest that a. large fraction of the 40Ar in some iron meteorites is primordial and not radiogenic. If josephinite contains a sim ilar primordial argon component, then it must be subtracted from the radiogenic argon in calculat ing a K-Ar age. Subtracting the primordial argon content from the radiogenic argon com ponent in josephinite (according to the method defined by HENNECKE and MANUEL, 1977) leaves approximately 1.07 X 10-'cc STP per gram of 40Ar . This value and the average potassium content of 13 ppm yielded an apparent K-Ar age of 4.6 X 109 years for josephinite (DOWNING et al., 1977) .
The excess of 129Xe in josephinite was preferentially released at high temperatures. Because the 129Xe/132Xe ratio is not uniform at different extraction temperatures, DOWNING et al. (1977) suggested that the 129Xe excess in josephinite came from the in situ decay of 129I within josephinite, and not from an "orphan" decay product which equilibrated with jose phinite somewhere in the mantle.
The results and conclusions of DOWNING et al. (1977) are inconsistent with models of near surface, serpentinization-related origins for josephinite, in that josephinite apparently con tains excesses of noble gases similar to those found in some meteorites and to those found in some mantle-derived materials. DOWNING et al. (1977) concluded that josephinite is either meteoritic or a terrestrial component of the earth which has survived metamorphic processes throughout the earth's history. BOCHSLER et al. (1978) found excesses of 3He and 21Ne in josephinite . They determined a 3He/4He ratio of 5 X 10-4, which is an order of magnitude larger than the 3He/4He ratio reported by DOWNING et al. (1977) -for jose phinite, and indicates a substantial enrichment in 'He in josephinite, over the atmospheric abundance of 3He. The excess 3He is thought to be primordial, from the earth's mantle (see, for example, CLARKE et al., 1969; BENNETT and MANUEL, 1970; TOLSTIKHIN et al., 1974; LUPTON and CRAIG, 1975; SAITO et al., 1977; REYNOLDS, 1977 The 21Ne data indicate that Ne in josephinite is a mixture of atmospheric Ne and an unknown type of Ne. The largest portions of 21Ne and 3He were released, during stepwise heating, at the interval from 345 to 370°C, suggesting that the gases might be trapped in volatile components of josephinite. BOCHSLER et al. (1978) suggest that although the source (or sources) of the 21Ne excess is not known, it could be a primordial component in josephinite enriched in 21Ne, and perhaps 3He and 129Xe also. They conclude that the 3He and 21Ne excesses indicate that josephinite has been derived from the mantle.
An important aspect of interpreting the noble gas excesses in josephinite is to investigate the possible josephinite host-rocks of the Josephine Peridotite for noble gas anomalies. We have begun this investigation, with P. BOCHSLER and A. STETTLER of the University of Bern. Two samples of the Josephine Peridotite were analyzed; no excesses of 3He or 21Ne were detected.
These initial results indicate that josephinite did not inherit its noble gas excesses from the peridotite. This work will be con tinued on a more extensive suite of rocks from the Josephine Peridotite mass.
SUMMARY AND INTERPRETATIONS
Josephinite is an unusual rock consisting of several nickel-iron alloys, an iron-cobalt alloy, garnet and minor arsenide and sulphide phases. Magnetite and serpentine minerals are alteration and replacement phases; there are other un identified mineral phases in josephinite. Until about 1973, josephinite had been thought to be identical to the nickel-iron mineral awaruite (Ni3Fe) and therefore, was assumed to have the same low temperature, serpentinization origin as invoked for awaruite. Preliminary work by us in 1973 showed that josephinite is a complex assemblage of minerals, one of which is metal of awaruite composition. It became a problem, therefore, to explain both the similarities and differences between josephinite and awaruite.
We argued (BIRD and WEATHERS, 1975a) that the geologic relations of the Josephine Creek region do not support theories relating the origin of josephinite to the intrusion of dikes into, or serpentinization of, the Josephine Peridotite.
We suggested that some of the textures of intergrown andradite and metal in josephinite are not low temperature, alteration textures that could have been generated by serpentinization-related processes, but rather that the textures most closely resemble exsolu tion textures. The metal plus garnet assemblage is cross-cut and replaced by magnetite and ser pentine phases, and pre-existed these alteration assemblages. We suggested that the apparent paradox of co-existing Fe and Fe" of the andradite and nickel-iron alloy might be ex plained by a mechanism of exsolution of the andradite components from a pre-existing metal assemblage. Because josephinite is a rock that apparently had been altered during serpentiniza tion of the Josephine Peridotite, it is therefore related to the origin of the peridotite. In con sidering the association of josephinite with depleted mantle of an obducted ophiolite, it was proposed that josephinite was derived from the primitive mantle, conceivably from as deep as the core-mantle boundary.
Subsequently, others countered this proposal by proposing various serpentinization mecha nisms for the formation of josephinite. DICK (1974) proposed that josephinite originated from reduction of iron silicates to nickel-iron metal during serpentinization of Josephine Peridotite by a two-step process involving the intermediate phase magnetite. Andradite formed within the metal as a skarn mineral associated with hornblende diorite dikes which intruded serpentine. THORNBER and HAGGERTY (1976) proposed that josephinite formed as a result of reduction of primary iron-nickel sulphides. Andradite formed within josephinite metal during an episode of oxidation in which com ponents of serpentine veins which intruded the metal combined with the oxidized iron to form andradite. BOTTO and MORRISON (1976) pro posed that josephinite was deposited from hydrothermal solutions into serpentine as masses of taenite plus andradite.
Generation of awaruite within josephinite, as well as generation of serpentine minerals, magnetite, and native copper occurred during low-temperature altera tion.
Most recently, further evidence for a mantle derivation of josephinite has been provided by the discovery of 3He, 21Ne and 129Xe excesses in josephinite.
Because it is known that 129Xe is a decay product of extinct 129I having a half life of approximately 1.7 X 107 years, it has been argued that the presence of a 129Xe excess in josephinite is an indication of the presence of a now extinct radioactivity, a primordial age, and a sub-lithosphere mantle residence. It seems unlikely that j osephinite would have inherited a 129Xe anomaly if it formed by reduction processes during serpentinization. Rather, the presence of excess 129Xe and 'He could con stitute evidence that "original" josephinite was a component of the primitive mantle. Also, to explain the excess 21Ne in josephinite one must postulate either nuclear reactions within the earth or a primordial component in josephinite rich in 21Ne (BOCHSLER et al., 1978) .
We continue to maintain that because of its remarkable composition, and its association with depleted mantle of an obducted ophiolite, josephinite is a potentially very important rock in the context of current models of mantle evolution and lithosphere plate tectonics. Es sentially, it is held that much of the earth ac creted as material comparable with carbonaceous chondrite compositions, and that soon after accretion, a core-forming event took place in which metal phases sank to the interior of the proto-planet and accumulated as the core of the earth (e.g., RINGWOOD, 1975) . Subsequently, the mesosphere has undergone a long-term thermal-convective evolution.
Partial melting of primitive mantle in the asthenosphere, above the solid-state-convecting primitive mantle of the mesosphere, produces the crust and depleted mantle of oceanic lithosphere. Upon subduc tion of oceanic lithosphere, lighter fractions derived by melting are erupted and eventually accumulate as continental crust. Fundamental to this model is the concept of partial melting of pyrolite, or primitive mantle, in the upper mesosphere-asthenosphere (GREEN and RING WOOD, 1968) . It is argued that the melting of primitive mantle is perhaps best considered in terms of compositions of carbonaceous chon drites (see RINGWOOD, 1975, p. 189) . Essentially, partial melting and lithosphere plate evolution is the mechanism by which the internal heat of the earth is dissipated. Oceanic lithosphere is generated by crystallization of partial melts from the primitive mantle to form oceanic crust, over a thickness of depleted mantle (peridotites as seen in ophiolites). This model requires that, as lithosphere is generated along accreting plate margins, primitive mantle rises from the mesosphere into the zone of partial melting, to continually "feed" the accreting plate margin. RINGWOOD (1974) argues that the process is irreversible, that upon subduction the oceanic crust is involved in the calc-alkaline vulcanic and metamorphic processes of the subduction zone, and that the depleted mantle of the lithosphere is returned into the meso sphere as refractory peridotite and eclogite which can not again be partially melted as was the pyrolite.
If plate evolution has proceeded over much of geologic time, then long-term con vective turn-over of the mesosphere is implied.
In the context of the pyrolite model, and lithosphere plate evolution, it is apposite to consider the similarities of awaruite with metal phases found in carbonaceous chondrites. For example, CLARKE et al. (1970) reported a nickel-iron metal phase in the Allende meteorite to be awaruite in composition, having 67-68% Ni and 1.6% Co. CLARKE et al. also found a low nickel kamacite within chondrules of the Allende. The nickel-rich grains would normally be described as taenite, but citing E. P. HENDERSON, CLARKE et alL indicate that the hard ness of the grains is less than taenite, and the composition is similar to that of awaruite. This metal phase in Allende occurs in intimate as sociation with both pentlandite and troilite (CLARKE et al. 1970) . RAMDOHR (1963) indicates that Henderson phase, or perryite (see REED, 1968; RAMDOHR, 1973) , which occurs in some stony meteorites has a general composition of (Ni, Fe)X Siy ; REED (1968) indicates that perryite in several en statite chondrites has the composition range 75-81% Ni, 3-7% Fe, 12-15% Si and 2-5% P. It is interesting to consider that the elemental silicon found by BIRD and WEATHERS (1975a, b) could be in some way related to a similar com pound in josephinite metal.
We suggest that in the context of the models of partial melting of primitive mantle, perhaps of carbonaceous chondrite composition, and generation of lithosphere, that josephinite and perhaps some awaruite, also might have original ly been metal phases in the primitive mantle. The josephinite rocks may have been in corporated as refractory material into the Josephine Peridotite during plate accretion, as xenoliths in depleted mantle. Subsequently, they have undergone various mineralogic and textural changes during cooling of the peridotite, and alterations due to serpentinization of the peridotite and weathering. In this model, "original" josephinite would have accumulated with the solar nebula condensates that accreted to form the primitive earth. Perhaps because of their small size the josephinite rocks were not swept from the mesosphere during the core forming event. In terms of a convecting mantle, josephinite could have been derived from as deep as the core-mantle boundary. The 21Ne excess in josephinite might have been produced in "original" josephinite in the solar nebula en vironment.
